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Abstract 
Investigation of the genetic basis of Ovine Chondrodysplasia in Romney x 
Coopworth sheep: Analysis of the FGFR3 gene 
 
by 
Sarah Thompson 
 
Inherited abnormalities of skeletal development are well documented in humans and domesticated 
animals, but little is known about the genetic mutations that underpin them. Many inherited skeletal 
diseases are associated with defective endochondral ossification and are often referred to as 
chondrodysplasia. Chondrodysplasia is characterised by disproportionate dwarfism and has been 
described in humans, dogs, cattle, horses, and most recently sheep. The phenotype includes an 
abnormal skeleton shape and structure, severe skeletal shortening of the limbs and hyperextension 
of the joints.  
In humans, dwarfism is a dominant autosomal mutation and is one of the few genetic disorders 
known to be caused by a single specific amino acid substitution, located in the Fibroblast Growth 
Factor Receptor three (FGFR3) gene. FGFR3 is a negative regulator of bone growth functioning to 
restrict proliferation of pre-bone cartilage at the physes of long bones, limiting skeletal elongation. 
Disproportionate dwarfism is believed to be a result of an activation mutation in FGFR3, causing 
severe suppression of chondrocyte growth and bone elongation, resulting in dwarfism.  
A new form of dwarfism has recently been observed in two separate populations of Romney and 
Romney x Coopworth lambs. The lambs have a disproportionate short stature, short legs from knee 
to fetlock and flat feet; characteristic of chondrodysplasia. Based on the observation that a mutation 
in FGFR3 is responsible for chondrodysplasia in humans, it was hypothesised that a mutation in 
FGFR3 was also responsible for the chondrodysplasia observed in the Romney x Coopworth lambs.  
Of the 167 sheep studied, the AA genotype was most common, observed in 71% of sheep. No 
mutation was observed, but all lambs displaying dwarfism had the AA genotype suggesting it may be 
linked to the phenotype. However it is still impossible to conclude from this that the AA genotype is 
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responsible for dwarfism. The variant frequency of both populations was not in Hardy-Weinberg 
equilibrium indicating there is a sire effect and more dwarf lambs may be bred in future generations. 
The majority of point mutations which cause dwarfism in humans are located within the 
transmembrane domain of FGFR3; in exon 10. FGFR3 is highly conserved among species which would 
suggest the mutation for ovine chondrodysplasia would also be in exon 10. However no mutation 
was observed, suggesting mutations in other genes may be responsible for the skeletal abnormalities 
observed in the Romney x Coopworth lambs.  
Keywords: Dwarf, Mutation, Spider Lamb Syndrome, Endochondral Ossification   
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Chapter 1 
Introduction 
Inherited abnormalities of skeletal development are well documented in humans and domesticated 
animals, but little is known about the genetic mutations that underpin them. Many inherited skeletal 
diseases are associated with defective endochondral ossification and are often referred to as 
chondrodysplasia (Thompson, 2008). Chondrodysplasia is characterised by disproportionate 
dwarfism and has been described in humans, dogs, cattle, horses, and most recently sheep. The 
phenotype includes an abnormal skeleton shape and structure, severe skeletal shortening of the 
limbs and hyperextension of the joints.  
In humans, dwarfism is a dominant autosomal mutation and is one of the few genetic disorders 
known to be caused by a single specific amino acid substitution, located in the Fibroblast Growth 
Factor Receptor three (FGFR3) gene (Bellus et al., 1995; Richette et al., 2008). FGFR3 is a negative 
regulator of bone growth (Deng et al., 1996) and functions to restrict proliferation of pre-bone 
cartilage at the physes of long bones, limiting skeletal elongation (Beever et al., 2006). 
Disproportionate dwarfism is believed to be a result of an activation mutation in FGFR3, causing 
severe suppression of chondrocyte growth and bone elongation, resulting in dwarfism.  
Disproportionate dwarfism is rare in sheep. The most common form of chondrodysplasia in sheep is 
Spider Lamb Syndrome (SLS) which is observed in black-face breeds such as Suffolk and Hampshire 
(Drogemuller et al., 2005). SLS-affected lambs suffer from an over-growth of the skeleton and have 
characteristic long necks and limbs. SLS is known to be caused by a point mutation in exon 17 of 
FGFR3 (Beever et al., 2006), causing a ‘loss of function’ and is of autosomal recessive inheritance. 
Sheep heterozygous for the mutation exhibit enhanced frame size without detrimental skeletal 
effects (Oberbauer et al., 1995). 
A new form of dwarfism has recently been observed in two populations of Romney and Romney x 
Coopworth lambs. The lambs have disproportionate short stature, short legs from knee to fetlock 
and flat feet; characteristic of chondrodysplasia (Figure 1.1).  
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Figure 1.1 Photo of a normal Romney x Coopworth lamb (foreground) with its chondrodysplastic 
half-sibs (back) 
Based on the observation that a mutation in FGFR3 is responsible for chondrodysplasia in humans 
and SLS, it was hypothesised that FGFR3 was responsible for the chondrodysplasia observed in the 
Romney x Coopworth lambs.  
Unlike SLS-affected lambs the Romney x Coopworth dwarfs appear to have no obvious health or 
mobility issues associated with the mutation. Therefore identifying and understanding the gene 
involved may create opportunities to manipulate sheep size in the future to develop new breeds with 
new purposes, such as the use of miniature sheep to graze vineyards year round.  
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Chapter 2 
Literature Review 
Inherited abnormalities of skeletal development are well documented in humans, dogs, cattle and 
horses, but little is known about the underlying genetic mutation or mode of inheritance. Many 
inherited skeletal diseases are associated with defective endochondral ossification, caused by a 
defect in cartilage formation and they are often referred to as chondrodysplasia (Thompson, 2008). 
Chondrodysplasia is characterised by disproportionate dwarfism and has been described in humans 
and domestic animals. The phenotype includes an abnormal skeleton shape and structure, severe 
skeletal shortening, primarily of the humeri and femurs (Thompson et al., 2005), hyperextension of 
the joints and bowing of the legs (Horton et al., 2007). 
In humans, dwarfism is a dominant autosomal mutation inherited with complete penetrance and is 
one of the few genetic disorders known to be caused by a single specific amino acid substitution, in 
the Fibroblast Growth Factor Receptor three (FGFR3) gene (Bellus et al., 1995; Richette et al., 2008).   
FGFR3 is a negative regulator of bone growth (Deng et al., 1996) and functions to restrict 
proliferation of pre-bone cartilage at the physes of long bones. This limits skeletal elongation (Beever 
et al., 2006). Disproportionate dwarfism is believed to be a result of an activation mutation in FGFR3, 
causing severe suppression of chondrocyte growth and resulting in dwarfism (Horton et al., 2007; 
Richette et al., 2008; Thompson et al., 2008). Ovine chondrodysplasia is predicted to be also be 
caused by a mutation of FGFR3. If this can be confirmed the opportunity arises to manipulate the 
mutation and subsequently manipulate sheep size.  
2.1 The role of FGFR3 in bone formation 
There are two fundamental mechanisms of bone formation in vertebrates: intramembranous and 
endochondral (Deng et al., 1996). Intramembranous is the formation of the flat bones of the skull. 
Endochondral is the formation of long bones in which a cartilage template is gradually replaced by 
bone (Richette et al., 2008; Horton et al., 2007; Valverde-Franco et al., 2004).  
Many inherited skeletal diseases are associated with endochondral ossification and often caused by a 
defect in cartilage formation which is induced by abnormal activity of FGFR3 (Thompson, 2008; Zhao 
et al., 2011).  
FGFR3 is a member of the tyrosine kinase receptor family. This family of structurally related, heparin-
binding polypeptides play a key role in the growth and differentiation of various cells of 
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mesenchymal origin. FGFR3 is a negative regulator of bone growth and is important for limiting 
chondrocyte proliferation and differentiation during endochondral ossification (Deng et al., 1996; 
Beever et al., 2006; Smith et al., 2008; Thompson et al., 2008). FGFR3 is expressed at high levels in 
the cartilage rudiments of developing bone (Deng et al., 1996) and in resting cartilage during 
ossification (Bellus et al., 1995; Beever et al., 2006; Valverde-Franco et al., 2004). It functions to 
restrict proliferation of pre-bone cartilage at the physes of long bones, limiting skeletal elongation 
(Beever et al., 2006). Mutations that occur in FGFR3 principally (but not exclusively) affect the long 
bones that arise from endochondral ossification (Deng et al., 1996; Valverde-Franco et al., 2004).  
Each Fibroblast Growth Factor Receptor (FGFR) consists of an extracellular ligand-binding domain, a 
transmembrane domain and an intracellular domain that contains two tyrosine kinase subdomains. 
Point mutations in either domain of FGFR3 are associated with autosomal dominant skeletal 
disorders in humans (Fracchiolla et al., 1998), with the severity of the dysplasia correlating with the 
site of mutation (Amsterdam et al. 2001). The most common human chondrodysplasia; 
achondroplasia, is caused by a single amino acid substitution from an arginine to glycine at position 
380 (Gly380Arg). This is in the transmembrane domain of FGFR3 (Horton et al., 2007; Richette et al., 
2008). The FGFR3 gene is located in the telomeric region of the short arm of chromosome 4 in 
humans and contains an open reading frame of 2520 nucleotides which comprises 19 exons and 18 
introns (Richette et al., 2008).  
Disproportionate dwarfism is a result of an activating mutation in FGFR3, causing severe suppression 
of chondrocyte growth, resulting in dwarfism (Horton et al., 2007; Richette et al., 2008; Thompson et 
al., 2008). In contrast, an inactivating mutation of FGFR3 has been observed to cause skeletal 
overgrowth in humans, mice and sheep (Smith et al., 2008).  
2.2 Variation in FGFR3 expression and phenotypic severity 
Due to the complexity of bone development and remodelling, and the number of genes involved, it is 
not surprising that there is a broad range of skeletal defects in humans and domestic animals 
(Thompson et al., 2008). In some dysplasias the entire skeleton is involved, while in others the defect 
is confined to individual bones or regions within bones. It has been determined that the location of 
the SNP in FGFR3 determines the severity of the phenotype in humans (Naski et al., 1996; Smith et 
al., 2008). A SNP in the transmembrane domain of FGFR3 commonly results in achondrodysplasia, a 
skeletal disorder that results in short stature and disproportionately short limbs. In contrast a SNP in 
the second tyrosine kinase domain results in lethal thanatophoric dysplasia, with developmental 
delay and acanthosis nigricans (Naski et al., 1996). A similar range of conditions exist in domestic 
animals, which may also be explained by SNP location.  
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2.2.1 Mice 
A targeted mutation of the mouse gene encoding FGFR3 has further clarified its role in endochondral 
bone formation. Valverde-Franco et al., (2004) observed mice homozygous for a null mutation in 
FGFR3 developed skeletal overgrowth, that was in part attributed to increased proliferation and 
accumulation of chondrocytes in the growth plates of developing bones. Deng et al. (1996) also 
observed FGFR3 deficient mice had a remarkable increase in the length of the vertebral column and 
long bones as a result of enhanced and prolonged bone growth. In contrast, mice with a ‘gain of 
function’ mutation in FGFR3 were dwarfs and had reduced numbers of proliferating and hypertrophic 
chondrocytes in their growth plates and impaired bone elongation (Smith et al., 2008; Valverde-
Franco et al., 2004). 
Smith et al. (2008) and Eswarakumar & Schlessinger (2007) observed the 19 exons of FGFR3 are 
differentially spliced in mice to form two distinct isoforms; IIIb and IIIc. This alternative splicing 
creates receptors with distinct extracellular binding domains that have different ligand binding 
specificities and differential expression. FGFR3 IIIb is expressed in epithelial cells, while IIIc is 
expressed in mesenchymal-derived cells. Mice lacking FGFR3 IIIc display significant skeletal 
overgrowth, exaggerated limb growth and distorted growth plates that are indicative of increased 
proliferation.  
Mice lacking the FGFR3 IIIb isoform do not exhibit these skeletal phenotypes, indicating the IIIc form 
is critical for normal skeletal development. In sheep, a naturally occurring loss of FGFR3 causes 
inactivation of a kinase domain and results in excessive bone growth similar to that of mice lacking 
FGFR3 III; known as ‘Spider Lamb Syndrome’ (Smith et al., 2008).  
These observations in mice confirm that FGFR3 is a negative regulator of endochondral bone growth 
and is essential for restraining chondrocyte proliferation and inhibits bone growth (Deng et al., 
1996).   
2.2.2 Dogs 
As a consequence of domestication and selective breeding, dogs exhibit the greatest range of 
skeletal size diversity (Smith et al., 2008). Some dog breeds, including the dachshund, basset hound 
and bulldog, have been classified as achondroplastic due to their disproportionate appearance 
(Martinez et al., 2000). Histological studies of achondroplastic dog breeds, conducted by Braund & 
Ghosh (1975) have revealed altered cell patterns in cartilage that are very similar to those observed 
in humans exhibiting achondroplasia. However the FGFR3 sequences, across all 19 exons, are fully 
conserved between German shepherds, dachshund, basset hound, bulldog and three different sized 
poodles, toy, miniature and standard (Martinez et al. 2000; Smith et al., 2008). Intronic SNPs have 
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also been identified, but these were sporadic and not present in all dogs exhibiting a common 
phenotype (Smith et al., 2008). These observations suggest genes other than FGFR3 are involved in 
the chondrodysplastic phenotype of dogs.  
In this context FGFR3 is highly conserved among species. When compared to human sequences, both 
canine and murine sequences were 89% homologous, while the bovine sequence was 85% 
homologous (Martinez et al., 2000).    
2.2.3 Sheep 
Disproportionate dwarfism is rare in sheep. The first reported case of ovine chondrodysplasia, 
termed the Ancon or Otter mutation, was recognised in Merino sheep in America during the 18th 
century (Thompson et al., 2008). The mutation appeared twice (in Norway and Texas) during the 20th 
century but is now believed to be extinct. Ancon sheep had a normal axial skeleton but short limbs 
with elbow and carpus deformities. They were preferred by farmers as they were easily contained. 
The defect gene was suspected to have an autosomal recessive mode of inheritance, but it was not 
identified.  
A lethal chondrodysplasia, characterised by disproportionate dwarfism, was described in 27 lambs 
born to mixed breed ewes in the United Kingdom (Thompson et al., 2005). Most affected lambs were 
born alive but died within a few minutes and had a range of skeletal abnormalities, including 
markedly shortened limbs, shortened nose with domed head, narrow thorax and distended 
abdomen.  A similar chondrodysplasia was reported in an inbred flock of Romney cross sheep in New 
Zealand. In that instance 6/20 ewes mated to the same ram gave birth to stillborn lambs with 
shortened limbs, craniofacial abnormalities, cleft palate and spina bifida. Three of the ewes produced 
one normal and one affected twin, suggesting the disease was genetic, but this was not proven.  
Another form of chondrodysplasia characterised by disproportionate dwarfism has been described in 
Texel sheep in New Zealand. Over a period of five years approximately 20/1,500 lambs born per year 
developed a syndrome characterised by dwarfism of variable severity. The affected lambs appeared 
normal at birth but clinical signs were evident as early as one week of age, including reduced growth 
rate, short neck and wide stance. This often progressed to severe deformities of the forelimbs and a 
reluctance to walk. Many severely affected lambs displayed exercise intolerance and extreme 
dyspnoea when yarded. The discrepancy in size between normal and affected lambs was 
exaggerated with age and was particularly noticeable when affected lambs had a normal twin (Figure 
2.1).  Most affected lambs died at three to four months of age and in some cases died suddenly after 
a brief period of exercise, most likely due to tracheal collapse. On the other hand, some lambs did 
not show evidence of dwarfism until approximately nine weeks of age and were not as severely 
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affected as those that were apparent earlier. These lambs also developed a short, blocky stature, but 
they showed no evidence of limb deformity, lameness or exercise intolerance during their first two 
years of life (Figure 2.2).  
Eleven of the affected lambs of varying severity were subjected to a post-mortem examination. Mild 
to severe erosive lesions were present in cartilage on weight bearing surfaces of the major limb 
joints, with three lambs also displaying exposed subchondral bone on the proximal humeri and 
femurs. Growth arrest lines were also present in the metaphyses of long bones in some of the lambs 
(Thompson et al., 2005). The variation in severity between affected lambs is unusual for a genetic 
disease (Thompson et al., 2005) and may reflect the presence of different biochemical pathways 
capable of modifying gene expression.  
The dams and sires of these affected lambs were not phenotypically dwarfs’ themselves, suggesting 
this defective gene is inherited as a simple recessive trait. This is further supported by the birth of 
affected lambs during several seasons (Thompson et al., 2005). However the chondrodysplasia 
described did not match chondrodysplasia previously described in other breeds, therefore a 
mutation in other genes, rather than FGFR3, was suggested. A genome study of the dwarf Texel’s 
revealed that a one base pair deletion of T at the 107 base pair position of exon three in the solute 
carrier (sodium/sulphate symporters) member 1 (SLC12A1) gene was associated with the dwarfism 
phenotype. This deletion was not found in normal, unrelated animals (Zhao et al., 2011).  
 
Figure 2.1 Chondroplastic four month old crossbred Texel lamb (front) with its unaffected twin and 
dam (rear) (Source: Thompson, 2008). 
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Figure 2.2 Three week old chondroplastic Texel lamb with characteristic short neck and wide based 
stance (Source: Thompson et al., 2005). 
2.2.4 Spider Lamb Syndrome 
The most common form of inherited disproportionate chondrodysplasia in sheep is Spider Lamb 
Syndrome (SLS).  SLS is a semi-lethal congenital disorder commonly observed in black-faced Suffolk 
and Hampshire breeds (Drogemuller et al., 2005). Lambs with SLS have skeletal deformities including 
disproportionately long ‘spider-like’ limbs, curvature of the spine (Cockett et al., 1999), malformed 
ribs and sternebrae, facial deformities such as Roman noses, and a lack of body fat (Figure 2.3; 
Beever et al., 2006). The SLS phenotype is highly variable amongst individuals with some lambs 
severely affected at birth and others developing the condition at three to four weeks of age (Cockett 
et al., 1999; Jolly et al., 2004). 
In contrast to most forms of chondrodysplasia, SLS affected lambs develop a long neck and limbs as a 
result of a ‘loss of function’ FGFR3 mutation, resulting in an overgrowth of the skeleton.  
The locus of SLS had previously been mapped to the distal end of ovine chromosome six (Beever et 
al., 2006; Cockett et al., 1999) before a point mutation in FGFR3 was identified as the underlying 
cause (Thompson et al., 2005). Analysis of the FGFR3 coding sequences from three SLS- carrier ewes 
identified two polymorphisms: a G-C transversion in exon 11 at position 955 and a T-A transversion in 
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exon 17 at position 1719 (Beever et al., 2006). The G-C SNP is predicted to be silent, while the T-A 
point mutation results in a non-synonymous valine-glutamine substitution in the tyrosine kinase II 
domain of FGFR3 (Drogemuller et al., 2005; Beever et al., 2006). This mutation leads to loss of 
receptor function in homozygotes resulting in poorly controlled chondrocyte differentiation and 
enhanced proliferative activity causing skeletal overgrowth (Beever et al., 2006; Deng et al., 1996). 
These observations provide further evidence that FGFR3 is essential for restraining chondrocyte 
proliferation.  
Sheep heterozygous for the SLS mutation exhibit enhanced frame size without detrimental skeletal 
effects, indicating the mutation is recessive (Oberbauer et al., 1995). In contrast , chondrodysplasia in 
humans is inherited as an autosomal dominant trait (Thompson et al., 2005). It has been suggested 
that the high frequency of SLS-affected lambs is a consequence of inbreeding depression. Animals 
displaying the heterozygous phenotype (enhanced frame size) were bred to increase animal size and 
subsequent production, increasing the concentration of deleterious variants in the gene pool.  
 
Figure 2.3 The body conformation of two month old SLS (left) and wild-type (right) lambs. (Source: 
Beever et al., 2006). 
2.3 Manipulating sheep size 
Identifying and understanding the gene responsible for chondrodysplasia creates an opportunity to 
manipulate sheep size. In New Zealand sheep are bred to meet a market demand, and by creating 
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new breeds in a range of sizes from ‘miniature’ to ‘giant’, will increase the possibilities of sheep use. 
‘Miniature’ sheep breeds have already proven useful for weed control in vineyards, while some small 
cattle breeds have also been used for high quality meat production, creating another opportunity for 
‘miniature’ sheep breeds.  
2.3.1 Dwarf sheep for meat production 
Farm land in New Zealand is a finite resource which is decreasing due to expanding urbanisation 
(Mackay et al., 2011). This, alongside the growing food demand, is driving the ongoing intensification 
of agriculture in New Zealand, driving farmers to try and produce more from less land. Therefore the 
use of small sheep with lower feed requirements could be beneficial.  
In Australia, a research project began in 1974 to determine whether large or small Angus cattle were 
more efficient converters of feed to meat (Barnett, 2009). They observed the miniature cattle 
consumed less (requiring a third to one half of the nutrition of their full size counterparts), feed 
conversion efficiency was similar (only a 5% difference), but meat quality was improved. Boden 
(2008) observed the ribeye area is 25-50% larger in miniature cattle and is highly rated for its quality, 
tenderness and flavour with good intramuscular marbling. Miniature Angus cattle (Lowlines) also 
have 45% less back fat than full size Angus cattle.  
Miniature Jersey cattle (Old World Jerseys) are also known as strong milk producers in America, 
producing 7.5 to 15 L milk/day with the same fat and protein content as full size Jerseys which 
average 15 L milk/day with 5.6% fat and 4% protein content in New Zealand (Boden, 2008; Livestock 
Improvement Corporation Limited & DairyNZ Limited, 2014).     
The successful use of miniature cattle for improved meat and milk production from less feed 
suggests miniature sheep may have similar production traits. However small animals have slower 
growth rates which may reduce efficiency. At the other end of the scale is the mentality that ‘bigger 
is better’. Sheep heterozygous for the SLS mutation exhibit enhanced frame size without detrimental 
skeletal effects. This could create further opportunities to exploit the mutation to create larger 
framed sheep for faster growth rates and greater meat production.  
2.3.2 Use of dwarf sheep in vineyards 
A major opportunity for manipulating sheep size is for use in vineyards. Weed management is the 
most expensive and technically challenging practice for vineyards (Bekkers, 2011), but also the most 
important for plant production. Weeds present in vineyards increase competition for nutrients and 
have the potential to smother plants when in close proximity (Tamagnone et al. 2013). Economic and 
environmental pressures such as increased soil erosion, decreased soil fertility, and the development 
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of glyphosate resistance in vineyards (Ghanizadeh et al., 2013; Bekkers, 2011) has prompted farmers 
to adopt new alternatives, including the use of sheep.  
Grazing sheep in vineyards is not a new concept (Bekkers, 2011) with Olde English Babydoll 
Southdowns’ used in NZ vineyards as a sustainable approach to weed control. Sheep are a cost 
effective tool for managing weed problems as the pasture provides 95% of the animals’ diet 
(Hodgson et al., 2005), and nutrients are returned to the soil via urine and faeces. Sheep also have 
the ability to change the weed population. However, sheep can only be used seasonally for weed 
management as they have a liking to the grapes and vine leaves (Bekkers, 2011) and can cause soil 
compaction. Therefore there is a need for small sheep, whose weight and small hooves will reduce 
soil compaction, and low height renders them unable to reach the vines, potentially allowing year 
round grazing and sustainable weed control.  
2.4 Limitations to manipulating sheep size 
Miniature cattle and babydoll sheep are not classified as dwarfs as their body conformation is not 
disproportionate. Therefore it is difficult to assume chrondroplastic sheep will have the same 
production and life span as their non-dwarf counterparts. Genetically FGFR3 null mice have been 
observed to have a reduced lifespan (Valverde-Franco et al., 2004), and 15 month old 
chondrodysplastic rams have mild to severe erosive cartilage lesions on weight-bearing surfaces of 
the shoulder, hip and stifle joints (Thompson et al., 2005). These observations indicate 
chondrodysplastic sheep may be suffering pain when walking, which may lead to mobility issues in 
the future, and potentially reduce their lifespan.  
Furthermore, Amsterdam et al. (2001) observed chondroplastic female mice were infertile, due to 
the failure of follicular maturation, ovulation and corpora lutea formation as a consequence of 
apoptosis of granulosa cells. Female infertility has not been reported in any other chondroplastic 
species, including humans, suggesting it may be specific to mice. But the possibility of female 
infertility in chondroplastic sheep cannot be ignored. Infertility due to apoptosis of granulosa cells 
however can be partially overcome through the administration of gonadotrophins (Amsterdam et al., 
2001), therefore is not a major issue.  
A final issue which may arise are semi-lethal and lethal genes. Chondroplastic lambs may be carriers 
of other deleterious traits. The continual line-breeding of the dwarfs to produce a ‘miniature’ breed 
may increases the frequency of these deleterious traits and could have detrimental effects on future 
generations. SLS-affected lambs arose in black-face populations from the continued breeding of large 
framed sheep who were carriers of the recessive SLS gene. Dexter cattle have a similar genetic defect 
causing a dwarf phenotype in heterozygotes (Dx +/-), while homozygotes (Dx +/+) are stillborn with 
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extreme shortening of limbs and gross craniofacial defects. They are often described as ‘bulldog’ 
calves (Usha et al., 1997). If lethal genes enter a population it may reduce the number of viable lambs 
born per ewe, reducing the production efficiency and profitability of the breeding system (Cockett et 
al., 1999). To prevent lethal genes entering the population, genome mapping of chondrodysplastic 
sheep should occur prior to starting a breeding programme to detect any deleterious traits. 
A mutation in FGFR3 is responsible for chondrodysplasia in humans and SLS. It is therefore 
hypothesised that FGFR3 is also responsible for the chondrodysplasia observed in the Romney x 
Coopworth lambs.  
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Chapter 3 
Methods 
3.1 Animals 
Fifty two Romney x Coopworth half-sib lambs were analysed, four of which were characterised as 
dwarfs. The mothers of these lambs were also analysed to ensure the ram was solely responsible for 
any genetic variation. Blood samples from a second population from the River Run Romney stud and 
sired by the same ram, were also examined. There were 37 lambs, nine of which were dwarfs, their 
mothers and the sire ram responsible for the chondroplastic trait. An overall total of 13 lambs 
displaying the dwarfism phenotype were analysed.   
Diagnosis of dwarfism was based on the animals’ physical appearance (disproportionate short 
stature, noticeably short legs from knee to fetlock and flat feet; Figure 3.1) and for some lambs 
radiographical assessment (CT scan).  
 
 
Figure 3.1 Chondrodysplastic Romney x Coopworth lamb with characteristic short legs and flat feet 
 14 
3.2 PCR-SSCP analysis and genotyping of ovine FGFR3 
DNA was extracted from dried blood samples using the NAOH method outlined in Zhou et al. (2006). 
A large number of PCR conditions and different primers were trialled (Table 3.2.1 and Table 3.2.2) 
before successful conditions were established.  
Table 3.1 List of primers which were unsuccessful in amplifying regions of FGFR3 
Forward Primer Reverse Primer FGFR3 Gene Region 
5’ AGG CTG CCG ACG CCT GTG TC 3’ 5’GCT CGG AAC CTG GTA TCT ACT 3’ Exon 8 
5’ CTA GCT GCC CAG CCT CGT G 3’ 5’ AGT CCT GCT CAC ACG ACT G 3’ Exon 10 
5’ AGC CTC TCT GCT TCT GCC AC 3’ 5’ CTG AGG TCT GTG GGT GAC AC 3’ Exon 12,13 
5’ AGC GGT GGG AGT CCA GCA G 3’ 5’ CCA CAG CCT CTC CAA CCA C 3’ Exon 14 
5’ GAC ATG GAG TAC CTG GAG G 3’ 5’ CAC GGT CCT GCC AAG TCT GG 3’ Exon 14,15 
5’ GTG AGG CTA TGG AGT ACC TG 3’ 5’ CTG CCA AGT CTG GTG CCA C 3’ Exon 15,16 
 
Primers targeting exon 10 (5’ CCG ACG CCT GTG TCT TTG CAGC 3’) and exon 11 (5’ CAG GCC AGC GCA 
CAC GAC TGAC 3’) were ultimately used to amplify ovine FGFR3.  PCR amplification was performed in 
a 15 μL volume containing the genomic DNA on a 1.2 mm disk, 1.5 μL 10X PCR Buffer, 1.5 μL 5Q, 0.6 
μL MgCl2+, 0.9 μL dNTP, 0.75 μL Primer, 0.08 μL Taq DNA polymerase and 9.67 μL H2O. The thermal 
profile consisted of 2 min at 94 ˚C, followed by 35 cycles of 30 sec at 94 ˚C 30 sec at 62 ˚C and 40 sec 
at 72 ˚C, and a final extension time of 5 min at 72 ˚C. Amplification was carried out in Biorad S1000 
thermal cyclers. 
Amplicons were visualised by electrophoresis in 1% agarose gels, using 1 x TBE buffer (89 mM Tris, 89 
mM boric acid, 2 mM Na2EDTA) containing 200 ng/mL of ethidium bromide. 
Prior to SSCP analysis 100 μL loading dye (98% formamide, 10 mM EDTA, 0.025% bromophenol blue, 
0.025% xylene-cyanol) was added to each reaction. Reactions were denatured at 100˚C for 5 min and 
rapidly chilled on wet ice to 4˚C. A 12 μL aliquot of each amplicon was loaded onto 16 cm x 18 cm, 
10% polyacrylamide gels and electrophoresis performed at 250 V for 19 hr at 20˚C (28˚C water) in 0.5 
x TBE buffer. Gels were silver-stained according to the method of Byun et al. (2009).  
Table 3.2 List of PCR conditions used in attempts to unsuccessfully amplify FGFR3 exons 
Date 
Trialled 
Exon 
μL 
10XB 
μL 
5Q 
μL 
Mg2+ μL dNTP 
μL 
Primer 
μL 
Taq 
μL 
H2O 
μL 
Annealing 
Temp (˚C) 
No. of 
cycles 
19 March 10 1.5 1.5 0.6 0.9 0.75 0.06 9.69 62 35 
 15 
22 March 8 1.5 1.5 0.6 0.9 0.75 0.06 8.94 60 35 
22 March 10 1.5 1.5 0.6 0.9 0.75 0.06 8.94 62 35 
24 March 8 1.5 1.5 0.6 0.9 0.75 0.08 8.94 58 35 
24 March 8 1.5 1.5 0.6 0.9 0.75 0.08 8.94 60 35 
24 March 8 1.5 1.5 0 0.9 0.75 0.08 9.5 58 35 
24 March 8 1.5 1.5 0.6 0.9 0.75 0.08 9.5 60 35 
25 March 8 1.5 1.5 0.9 0.9 0.75 0.08 8.62 62 35 
25 March 10 1.5 1.5 0.6 0.9 0.75 0.06 8.94 60 35 
26 March 8 1.5 1.5 0.6 0.9 0.75 0.08 8.62 61 35 
27 March 8 1.5 1.5 0.6 0.9 0.75 0.08 8.62 61 35 
30 March 10 1.5 2.25 0.6 0.9 0.75 0.08 8.94 60 35 
30 March 8 1.5 2.25 0.6 0.9 0.75 0.08 8.94 60 35 
1 April 8 1.5 1.5 0.6 0.9 0.75 0.08 9.69 61 35 
1 April 8 1.5 1.5 0.6 0.9 0.75 0.08 9.69 62 35 
1 April 8 1.5 1.5 0 0.9 0.75 0.08 9.69 61 35 
1 April 8 1.5 1.5 0 0.9 0.75 0.08 9.69 62 35 
8 April 8 1.5 3 0.6 0.9 0.75 0.08 8.17 62 35 
8 April 14,15 1.5 3 0.6 0.9 0.75 0.08 8.17 62 35 
13 April 8 1.5 2.25 0.6 0.9 0.75 0.08 8.94 61 37 
13 April 10 1.5 2.25 0.6 0.9 0.75 0.08 8.94 59 37 
20 April 12,13 
14 
15,16 
1.5 1.5 0.6 0.9 0.75 0.08 9.69 56 35 
20 April 12,13 
14 
15,16 
1.5 1.5 0.6 0.9 0.75 0.08 9.69 60 35 
20 April 12,13 1.5 1.5 0.6 0.9 0.75 0.08 9.69 62 35 
20 April 15,16 1.5 1.5 0.6 0.9 0.75 0.08 9.69 58 35 
7 May 12,13 1.5 3 0.9 0.9 0.75 0.08 8.94 56 35 
7 May 12,13 1.5 3 0.9 0.9 0.75 0.08 8.94 58 35 
7 May 15,16 1.5 3 0.9 0.9 0.75 0.08 8.94 56 35 
7 May 15,16  1.5 3 0.9 0.9 0.75 0.08 8.94 58 35 
13 May 15,16 1.5 1.5 1.5 0.9 0.75 0.08 8.77 56 38 
20 May 10 1.5 1.5 1.5 0.9 0.75 0.08 8.77 60 35 
20 May 10 1.5 2.25 0.6 0.9 0.75 0.08 8.94 60 35 
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25 May 10, 11 1.5 1.5 0.6 0.9 0.75 0.08 9.67 64 35 
25 May 10, 11 1.5 1.5 0.6 0.9 0.75 0.08 9.67 60 35 
 
3.3 Statistical Analysis 
The genotypes of the ram, dwarfs, half-sibs and mothers from the Lincoln and River Run populations 
were analysed using a Chi-Squared and Fisher’s Exact Test to determine which factors were 
significantly different. Variant frequency was also calculated to determine whether the populations 
are in Hardy-Weinberg equilibrium.  
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Chapter 4 
Results 
4.1 Variants of FGFR3 
The different banding patterns of FGFR3 are shown in Figure 4.1. Of the 167 sheep studied, AA was 
the most common genotype, observed in 71% of sheep, including the ram and all lambs displaying 
the dwarfism phenotype. The BB genotype was the least common observed in 1.2% of the sheep. 
Genotype CC was not found.  
 
Figure 4.1 The PCR-SSCP banding patterns of the different variants in exon 10 and 11 of FGFR3 
Genotype AA can be described as one single band located high on the gel (Figure 4.1). The B variant 
pattern is located just below the A band, while the C variant band was located well below the A and B 
bands. The appearance of an A and B banding pattern together was originally characterised as an AB 
genotype, but the observation of an apparent ABC (Figure 4.1) challenged this. No previous studies of 
FGFR3 have indicated the gene is has three variants occurring concurrently. 
There are two possible explanations for this observation:- (1): the primers used were not specific 
which has resulted in two genes with very similar PCR-SSCP banding patterns being amplified or (2): 
that  FGFR3 has four variants, with a D variant that has two bands (Figure 4.2). DNA sequencing of 
the different bands might confirm which theory is correct, but this was not possible during this 
experiment. For the purpose of this report, it was assumed that FGFR3 has three variants with the 
unknown genotype notated AC (see Figure 4.1).  
Variant   AC                       AA         AB         AC         BC                      AA        AA         BB 
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Figure 4.2 The PCR-SSCP banding patterns highlighting the four possible variants, A, B, C and D 
4.2 Variant Frequency 
The variant frequency of both the Lincoln and River Run populations are not in Hardy-Weinberg 
equilibrium. The ‘A’ variant was observed in 88% of the sheep studied, compared with 18% and 10% 
of sheep displaying a ‘B’ and ‘C’ variant, respectively. This suggests ‘A’ is the dominant variant.  
Figure 4.3 and 4.4 show the gene pool of the Lincoln and River Run populations respectively. A Chi-
squared analysis indicated that AA was at significantly higher frequencies than any other genotype 
(AB, BB, BC, AC; P ≤ 0.001). Further analysis indicated the offspring of both populations were 
genetically different (P ≤ 0.001). Fisher’s Exact test indicated the genotypes of the Lincoln dwarf and 
non-dwarf lambs were not significantly different (P = 1.0) while the River Run dwarf lambs were 
genetically different to the non-dwarfs (P ≤ 0.05). This may be explained by the greater genetic 
variation in the River Run population with a high proportion of lambs displaying the AB genotype 
(Figure 4.4).  
        D                                                                   B                                      A 
                                                                              C 
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Figure 4.3 FGFR3 variant frequencies of the mothers and lambs in the Romney-Coopworth 
population at Lincoln University 
 
Figure 4.4 FGFR3 variant frequencies of the mothers, ram and lambs in the Romney population at 
River Run stud 
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Chapter 5 
Discussion 
The aim of this study was to investigate whether a mutation in the FGFR3 gene is responsible for the 
dwarfism phenotype observed in Romney x Coopworth lambs. No mutation was observed in exon 10 
and 11, but all lambs displaying the dwarfism phenotype had the AA genotype. It is impossible to 
conclude from this that the AA genotype is responsible for dwarfism.  
The banding pattern and genotypes of FGFR3 are difficult to interpret without DNA sequencing. The 
gene was originally believed to have three variants and six possible genotypes, AA, AB, AC, BB, BC 
and CC. However the observation of an ABC genotype (AB band with a C band) challenged this 
conclusion. No previous studies of FGFR3 have indicated the gene has three co-occuring variants, 
which suggested the double banding pattern may in fact be a fourth variant. However there are also 
no reports stating FGFR3 has four variants.  
A study conducted by Fracchiolla et al. (1998) investigated exon 10 of FGFR3 in humans to determine 
the role genes play in tumour progression. They detected allelic variation, observing AA, AB and AC 
genotypes (Figure 5.1). Figure 5.1 shows patient KMS11 displaying an AB genotype and patients 
LB1577 and LP-1 both displaying an AC. Fracchiolla et al. (1998) stated the apparent similar intensity 
of the normal and mutated bands in both cases suggests they may represent a rare genetic 
polymorphism in humans. This observation provides some evidence that a fourth variant does not 
exist; as the AC described by Fracchiolla et al. (1998) differs from that observed in the current study 
and was not observed in any individuals. This suggests the double banding pattern observed in Figure 
4.1 may be a result of non-specific primers binding to and amplifying a pseudogene. However the 
existence of a pseudogene may also suggest the AB genotype observed is also a result of a 
pseudogene. Although the AB described in Figure 4.1 matches the AB described by Fracchiolla et al. 
(1998) in Figure 5.1.  
To accurately confirm whether this double banding pattern is a pseudogene or a fourth variant, each 
band would need to be sequenced. Currently the existence of an FGFR3 pseudogene has not been 
reported, but the structural organisation of the FGFR3 gene has yet to be determined; therefore the 
possibility of a pseudogene does exists (Bellus et al., 1995). 
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Figure 5.1 PCR-SSCP analysis of the human FGFR3 gene. N, normal control, migrating fragments 
different from the control are indicated with an arrow. From Fracchiolla et al., 1998 
The variant frequency of both the Lincoln University and River Run populations are not in Hardy-
Weinberg equilibrium. This is not surprising as both populations are small (Lincoln population n= 110 
and River Run n=51) and mating was non-random with all ewes mated to the same ram. This non-
random mating is believed to have had the greatest influence on variant frequency. The ram had the 
AA genotype, which was the most common genotype of the offspring (73% of all offspring had the AA 
genotype; Figures 4.3 and 4.4), and resulted in 98% of all offspring inheriting an ‘A’ variant. Any 
genetic variation observed in the offspring was inherited from the mothers. This provides strong 
evidence that the ‘A’ variant is the dominant variant.  
It has been noted that all lambs displaying the dwarfism phenotype, and the ram responsible for this 
phenotype, all have the AA genotype, suggesting it is linked to dwarfism. Therefore, as the 
populations are not in Hardy-Weinberg equilibrium and the ‘A’ variant is dominant, this increases the 
possibility of producing more dwarf lambs in future generations due to inbreeding depression. In the 
River Run population there may also be a high possibility of breeding another ram which is capable of 
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passing on the dwarfism mutation, as the gene pool is highly concentrated and unstable. However 
only 51 individuals from the River Run population were assessed which does not give a correct 
representation of the population, therefore there may be more genetic variation and the River Run 
population may in fact be in Hardy-Weinberg equilibrium.  
The genetic variation of the River Run population appears to be greater than that of the Lincoln 
population, with a greater percentage displaying the ‘B’ variant (Table A.4), resulting in two 
genetically different offspring populations (P ≤ 0.001). This genetic variation may be linked to the 
breeds used. The River Run population was pure Romney, while the Lincoln population was Romney 
x Coopworth. It is possible the ‘B’ variant is not present in the Coopworth breed, reducing genetic 
variation in the Romney x Coopworth. This would also explain why the Lincoln dwarfs were not 
genetically different from their non-dwarf half-sibs while the River Run dwarfs were. If two 
populations of the same breed were used, the genetic variation may be similar. In contrast, analysing 
more breeds may create more genetic variation and potentially highlight an inbreeding issue within 
these populations.  
No CC genotype was observed in this study. This may be linked to the use of non-random mating, the 
breeds, or simply due to the small sample size. Larger studies using an AA sire may detect its 
presence in the future.   
The mutation was originally believed to be of autosomal recessive inheritance, as all lambs were 
sired by the same ram, which did not display any skeletal abnormalities, and less than 10% of the 
offspring were affected in each population. Dwarfism in humans however is inherited as a dominant 
trait (Bellus et al., 1995), therefore the dwarfism in the Romney x Coopworth lambs, if caused by the 
same genetic mutation as humans, should also be of autosomal dominant inheritance. It is plausible 
this mutation is inherited as a dominant trait, but with incomplete penetrance.  
If individuals with the mutation do not develop features of the disorder, the trait is said to have 
incomplete (or reduced) penetrance (Genetics Home Reference, 2015). Incomplete penetrance 
would explain the high frequency of AA genotype but low frequency of dwarfism in the population. If 
the gene responsible is inherited as a dominant trait with incomplete penetrance, it would be very 
challenging to predict the percentage of offspring that will be affected in future generations, as a 
majority of the offspring which do no display the phenotype will be carriers of the dominant 
mutation, increasing the frequency of this deleterious gene in the population. A mutation with 
incomplete penetrance will also be difficult to manipulate, reducing the possibility of manipulating 
sheep size in the future.  
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On the other hand, this mutation may be inherited as an autosomal recessive trait, indicating the 
dwarfism phenotype is caused by another gene.  
5.1 Other possible causes for the dwarfism phenotype 
In humans, chondrodysplasia is most commonly associated with a point mutation in the 
transmembrane domain of FGFR3 (Horton et al., 2007; Richette et al., 2008), which is located in exon 
10 (Fracchiolla et al., 1998). FGFR3 is conserved among species (Martinez et al., 2000), which would 
suggest the mutation for dwarfism in sheep could also be in exon 10. However no mutation was 
observed in this study. Similar results were described for the dwarfism in Dexter cattle, where the 
FGFR3 transmembrane domain was evaluated and no mutations were found (Usha et al., 1997). 
Equally dogs from a range of breeds and sizes display 100% exon conservation (Martinez et al. 2000; 
Smith et al., 2008). This indicates mutations in other genes may be responsible for the skeletal 
abnormalities observed in the Romney x Coopworth lambs.  
Another possibility to explain the observed dwarfism is variation in exon 17 of FGFR3. In contrast to 
dwarfism, lambs affected with SLS develop a long neck and limbs as a result of a ‘loss of function’ 
FGFR3 mutation, resulting in skeletal overgrowth. An A to T polymorphism of exon 17, position 1719 
of ovine FGFR3 is responsible for the ‘loss of function’ (Beever et al., 2006). As SLS contrasts the 
dwarfism phenotype (long limbs), it could be hypothesised that a contrasting activation mutation in 
exon 17 exists.  
As the mode of inheritance of this mutation is still unknown it is difficult to conclude FGFR3 is the 
gene responsible. There are many reported cases of chondrodysplasia in other breeds and species 
which are caused by other gene defects, which may also be responsible for the dwarfism observed in 
the present study. Examples of these include the base pair deletion of T at position 107 of exon three 
in the solute carrier (sodium/sulphate symporters) member 1 (SLC12A1) gene causing dwarfism in 
Texel lambs (Zhao et al., 2011). Bovine chondrodysplasia in Japanese Brown cattle is a result of one 
of two distinct mutations in the LIMBIN gene (Takami et al., 2002; Takeda et al., 2002). And there 
have been many dwarfism cases reported in rats and mice due to a range of mutations, including 
knock out of the Growth Hormone Receptor (GHR; Bartke et al., 2002), and knock out of the 
Suppressor of Cytokine Signalling-2 (SOCS2) gene (Dobie et al., 2015).  
However skeletal abnormalities are not always caused by genetic defects either. Exposure of 
developing foetuses to certain toxic principles, mineral deficiencies, or infectious agents at 
appropriate stages of gestation can create skeletal lesions virtually indistinguishable from those with 
a genetic etiology. Skeletal abnormalities have been described in lambs, calves and goat kids 
following ingestion of certain plants, such as wild lupins, white parsnip and wild parsnip by their 
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dams during early pregnancy (Thompson et al., 2005). Maternal manganese deficiency is also 
recognised as a cause of skeletal deformities including shortening and twisting of the limbs, in 
newborn calves.   
However it is highly unlikely that the dwarfism phenotype of the Romney x Coopworth lambs in this 
study is a result of hormonal defects or toxicity, as the phenotype was observed in two different 
breeds in different environments, which would suggest it is a genetic defect. Based on the results 
obtained here it is however impossible to determine which genetic mutation has caused the 
dwarfism phenotype.  
5.2 Limitations to this study 
This was the first study to investigate the role of FGFR3 in ovine chondrodysplasia in Romney x 
Coopworth lambs. Although there is plenty of research regarding FGFR3’s role in endochondral 
ossification and how point mutations within the gene can result in disproportionate 
chondrodysplasia in humans, there are no current examples where FGFR3 has been identified as the 
cause of chondrodysplasia in sheep.  
Sample size was a limitation to this study. Only 171 sheep were analysed, with only 13 of those 
characterised as dwarfs. As a result, a majority of the observed and expected values for Chi-squared 
analysis were less than five, limiting the accuracy of the results. A larger sample size would have 
allowed for greater confidence in the results and may have led to greater genetic variation. To add to 
this the number of ewes mated to the ram and number of offspring produced at River Run was 
unknown.  
Furthermore, only two breeds were analysed in this study: Romney and Romney x Coopworth. This 
limited the range in genetic variation, as the ‘B’ variant was rarely observed in the Romney x 
Coopworth population and the ‘C’ variant was rarely observed in either population. The genetic 
variation was further reduced by non-random mating, which has evidently increased the frequency 
of the ‘A’ variant in both populations. However the use of a single sire was essential for the study as 
the ram is believed to be a carrier of the mutated gene causing the dwarfism phenotype, making this 
limitation difficult to overcome in future studies.   
5.3 Recommendations for future research of Ovine Chondrodysplasia 
This research was undertaken to identify the gene responsible for ovine chondrodysplasia to possibly 
manipulate the mutation to manipulate sheep size. In New Zealand sheep are bred to meet a market 
demand, and developing sheep in a range of sizes from ‘miniature’ to ‘giant’ breeds, would increase 
the possibilities of future sheep use. ‘Miniature’ sheep breeds have already proven useful for weed 
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control in vineyards, while some small cattle breeds have also been used for high quality meat 
production, creating another opportunity for ‘miniature’ sheep breeds. While the development of 
‘giant’ breeds could increase farm production and profitability.  
The present study did not gain conclusive evidence that a mutation in FGFR3 is responsible for the 
chondrodysplastic phenotype observed in Romney x Coopworth lambs; therefore there are many 
areas where future studies may focus. Firstly DNA sequencing of the different bands should be 
undertaken to identify whether FGFR3 has a fourth variant or the banding pattern of AC was the 
result of a pseudogene. Further studies may also investigate the structural organisation of FGFR3 to 
determine whether a pseudogene exists. The availability of molecular genetic resources, such as 
microsatellites, will allow mapping of the mutant gene, the proposal of alternative candidate genes 
and eventually the cloning of the mutant gene (Martinez et al, 2000). 
The present study only investigated exons 10 and 11 for gene variation. Future studies may 
investigate other exons, primarily exon 17 which contains the mutation responsible for SLS, which 
may contain genetic variation responsible for dwarfism. If a mutation in FGFR3 is not observed other 
genes which have been observed to cause chondrodysplasia in other breeds or species should be 
investigated. These genes may include the SLC12A1 gene which has been identified to cause 
dwarfism in Texel lambs (Zhao et al., 2011), the LIMBIN gene which causes bovine chondrodysplasia 
(Takami et al., 2002; Takeda et al., 2002), GHR or the SOCS2 gene which have been observed to cause 
chondrodysplasia in rats and mice (Bartke et al., 2002; Dobie et al., 2015). Future studies should also 
include a large sample size in order to detect low frequency variants such as ‘C’.   
If the mutation responsible for the dwarfism phenotype is identified, further research will be 
required into the health and welfare of animals displaying the phenotype and whether there are any 
deleterious genes associated with the mutation, prior to manipulation and development of new 
‘miniature’ and ‘giant’ sheep breeds.  
5.4 Conclusions 
Identifying the gene responsible for the dwarfism phenotype observed in the Romney x Coopworth 
lambs could create many opportunities to manipulate sheep size in the future. A mutation in FGFR3 
is responsible for chondrodysplasia in humans and SLS in sheep therefore was the likely candidate 
gene for the chondrodysplasia observed in Romney x Coopworth lambs. No mutation was detected 
in exon 10 and 11 of FGFR3, however there was a significantly high frequency of the AA genotype 
observed in 71% of sheep, including the ram and all dwarf lambs, suggesting the genotype may be 
linked to the dwarfism phenotype. In humans, chondrodysplasia is most commonly associated with a 
point mutation in the transmembrane domain of FGFR3, however no mutation was observed in the 
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transmembrane domain, indicating mutations in other genes may be responsible for the skeletal 
abnormalities observed. It is clear this subject is worthy of further investigation to identify the 
mutation and mode of inheritance and determine its potential use for manipulating sheep size in the 
future.   
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Appendix A 
Raw Data  
Table A. 1 Raw data obtained for all Romney x Coopworth sheep from the Lincoln University 
population. * dwarf lamb, ^ mother of dwarf 
 Tag Number Genotype 
Lamb 56 AA 
Lamb 43 AA 
Lamb 30 AA 
Lamb 45 AA 
Lamb 38 AC 
Lamb 10 AA 
Lamb 26 AC 
Lamb 54 AA 
Lamb 20 AA 
Lamb no tag ram AA 
Lamb 11 AA 
Lamb 12 AA 
Lamb 47 AB 
Lamb 7 AA 
Lamb 46 AA 
Lamb 55 AB 
Lamb 2 AA 
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Lamb 37 AA 
Lamb 52 AA 
Lamb 34 AB 
Lamb 5 AA 
Lamb 4 AA 
Lamb 23 AA 
Lamb 13 AC 
Lamb 3 AA 
Lamb 22 AA 
Lamb 40 AA 
Lamb 28 AA 
Lamb 27 AA 
Lamb 24 AA 
Lamb 39 AB 
Lamb 15 AA 
Lamb 18 AA 
Lamb 1 AA 
Lamb 19 AA 
Lamb 29 AA 
Lamb 8 AA 
Lamb no tag AA 
Lamb 51 AA 
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Lamb 32 AA 
Lamb 14 AA 
Lamb 50 AA 
Lamb 35 AC 
Lamb 36 AA 
Lamb 31 AA 
Lamb 25 AA 
Lamb 44 AB 
Lamb 41 AA 
Lamb* 42 AA 
Lamb* 48 AA 
Lamb* 53 AA 
Lamb* 9 AA 
Mother 13 AA 
Mother 19 AA 
Mother 11 AA 
Mother 31 AB 
Mother 15 AA 
Mother 14 AA 
Mother 38 AC 
Mother 53 AA 
Mother 55 AB 
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Mother 47 AA 
Mother 58 AC 
Mother 61 AA 
Mother 32 AA 
Mother 21 AA 
Mother 8 AA 
Mother 24 AA 
Mother 48 AA 
Mother 42 AA 
Mother 56 AA 
Mother 45 AC 
Mother 20 AA 
Mother 26 AA 
Mother 23 AA 
Mother 30 AC 
Mother 22 AA 
Mother 27 AA 
Mother 39 AB 
Mother 18 AB 
Mother 34 AB 
Mother 36 AA 
Mother 41 AC 
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Mother 17 BC 
Mother 33 AA 
Mother 16 BC 
Mother 7 AA 
Mother 57 AA 
Mother 35 AB 
Mother 50 AA 
Mother 37 BC 
Mother 44 AA 
Mother 52 AA 
Mother 9 AA 
Mother 10 AA 
Mother 1 null 
Mother 2 AA 
Mother 3 AA 
Mother 4 AC 
Mother 5 AA 
Mother 6 AA 
Mother 43 AA 
Mother 51 AA 
Mother 46 AA 
Mother 60 AA 
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Mother 40 AA 
Mother 49 AA 
Mother 59 AA 
Mother^ 28 AA 
Mother^ 25 AA 
Mother^ 54 AA 
Mother^ 65 null 
 
Table A.2 Raw data obtained for all Romney sheep from the River Run population. * dwarf lamb, 
^^ 12 mothers were supplied however it is unknown which are the mothers of the 
dwarfs 
 Tag Number Genotype 
Ram 197-11 AA 
Lamb 173-13 BB 
Lamb 134-13 AB 
Lamb 120-13 AA 
Lamb 139-13 BB 
Lamb 209-13 AA 
Lamb 383-13 AA 
Lamb 87-13 AB 
Lamb 214-13 AB 
Lamb 305-13 AA 
Lamb 137-13 AC 
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Lamb 207-13 AA 
Lamb 38-13 AA 
Lamb five-13 AA 
Lamb 110-13 AB 
Lamb 379-13 AC 
Lamb 67-13 AA 
Lamb 113-13 AB 
Lamb 340-13 AB 
Lamb 286-13 AB 
Lamb 284-13 AB 
Lamb 172-13 AB 
Lamb 343-13 AA 
Lamb 13-13 AB 
Lamb 72-13 AA 
Lamb 136-13 AA 
Lamb 124-13 AA 
Lamb 81-13 AB 
Lamb 344-13 AA 
Lamb 22-13 null 
Lamb* 303-13 AA 
Lamb* 389-13 AA 
Lamb* 73-13 AA 
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Lamb* 203-13 AA 
Lamb* 80-13 AA 
Lamb* 337-13 AA 
Lamb* 290-13 AA 
Lamb* 138-13 AA 
Lamb* 220-13 AA 
Mother^^ 414-10 AA 
Mother^^ 494-11 BC 
Mother^^ 172-11 AA 
Mother^^ 493-11 AB 
Mother^^ 284-11 AA 
Mother^^ 250-07 AB 
Mother^^ 436-11 AA 
Mother^^ 87-11 AA 
Mother^^ 369-11 AA 
Mother^^ 206-11 AA 
Mother^^ 443-10 AC 
Mother^^ 324-08 AB 
Mother of Ram 183-06 AA 
Unrelated Ewe 184-13 AB 
Unrelated Ewe 109-13 BC 
Unrelated Ewe 196-13 AB 
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Unrelated Ewe 160-13 AA 
Unrelated Ewe 74-13 AC 
Unrelated Ewe 270-13 AA 
 
Table A.3 Summarised raw data of the Lincoln and River Run populations 
Lincoln Dwarf Lamb Lamb Mother Ram 
AA 4 39 43 0 
AB 0 5 6 0 
AC 0 4 6 0 
BB 0 0 0 0 
BC 0 0 3 0 
River Run Dwarf Lamb Lamb Mother Ram 
AA 9 13 8 1 
AB 0 11 3 0 
AC 0 2 1 0 
BB 0 2 0 0 
BC 0 0 1 0 
 
Table A.4 Variant frequency as a percentage of the population for the Lincoln and River Run 
populations 
 Lincoln River Run 
 Lamb Mother Lamb Mother 
A 80.8 77.6 94.6 92.3 
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B 9.6 15.5 35.1 30.8 
C 7.7 15.5 5.4 15.4 
n = 52 58 37 13 
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